When cultures of Escherichia coli strain 15 were irradiated with ultraviolet radiation, the bacteria were induced to form a bactericidal material, colicin-15. Colicin-15 was released by the lysis of bacteria which underwent a residual growth without division. The only strains of bacteria sensitive to the action of colicin-15 were derivatives of strain 15. Three colicin-resistant strains were obtained, all of which became simultaneously sensitive to every T-phage, while the colicin-sensitive parental strains were lysed only by T 2. By stepwise reversal of the phage sensitivity pattern, it was possible to revert colicin-resistant mutants to colicin sensitivity again. Only certain mutations conferring resistance in concert to phages T 1, T3, T4, T 5 and T 7 seemed to result in colicin sensitivity. A model which will account for these phenomena is presented.
INTRODUCTION
Certain strains of bacteria possess the inherent capacity to produce specific substances which have lethal effects on other related bacterial strains. The antagonism between two strains of Escherichia coli was first described by Gratia (1925) , who found that the filtrate from a culture of E. coli V greatly inhibited the growth of E. coli q5. It was later shown that strain V produced an antibiotic substance active against strain g5 (Gratia, 1932) . The frequent occurrence of such reciprocal antibiotic action among many strains of E. coli was demonstrated by Fredericq (1946a) , and the substances responsible for the lethal effects were named ' colicins '. Further investigations of numerous enteric bacteria revealed that similar substances were also formed by some strains of E. freundii (Fredericq, 1947) , a few Salmonella strains (Fredericq, 1952 ; Hamon, 1955) , and many Shigella strains (Fredericq, 1948 a ; Fastier, 1949) . Moreover, analogous substances were found in three other families of bacteria : pyocin, produced by Pseudomonas pyocyanea (aeruginosa) (Jacob, 1954) ; megacin, produced by Bacillus megaterium (Ivanovics & Alfoldi, 1954) ; and pesticin, produced by Pasteurella pestis (Ben-Gurion & Hertman, 1958) . A more general term 'bacteriocin' was proposed (Jacob, Lwoff, Siminovitch & Wollman, 1953) for these substances, since the name colicin was originally intended to characterize the antibiotic principle from E. coli. F. H. MUKAI Colicins differ in the extent and specificity of their activity, and in their physical and chemical properties (Fredericq, 1948 b ; Goebel, Barry & Shedlovsky, 1956 ; Hamon, 1956; Ludford & Lederer, 1953) . Usually, a colicinogenic strain of bacteria spontaneously produces a specific colicin which is effective against another strain. Under conditions similar to those which cause induction of temperate phage in lysogenic bacteria, Jacob, Siminowitch & Wollman (1952) showed that it was possible to induce the formation of colicin by ultraviolet (u.v.) irradiation. The genetic capacity to form colicins resides in transmissible units, procolicins, which behave much as do prophage in lysogenic bacteria. Ryan, Fried & Mukai (1955) reported the existence of a u.v.-inducible colicinogenic strain which was susceptible to the colicin it produced. The present paper describes the induction of colicin synthesis in this strain, and the specificity of action of the colicin produced.
METHODS

Bacteria.
The thymine-and histidine-requiring strains of Escherichia coli used in these experiments were originally secured after X-ray treatment of the wild type strain 15, American Type Culture Collection No. 9723 (Roepke, Libby & Small, 1944) . The author is grateful to Dr S. B. Greer for the thymineless strain, hereafter designated t-CS, and to Dr F. J. Ryan for the histidineless strain, h-CS. The notation 'CS' is used to signify colicin sensitivity. All stock cultures were maintained at 5" on nutrient agar slopes.
Phages. The seven phages of the T-series were used (Delbruck, 1946) . High titre phage stocks ( 109-10fl particles/ml.) were prepared by infecting growing cultures of Escherichia coli B with each of the seven phages. Following mass lysis, the cultures were centrifuged at low speed to remove bacterial debris, and the supernatant fluids shaken with chloroform to kill remaining viable bacteria. The stock suspensions thus obtained were stored a t 5' in screw-cap test tubes.
Media. For all colicin experiments a modified Gray & Tatum's defined medium (Ryan & Schneider, 1949) , supplemented with 0-06 yo (w/v) glucose, and either 2 pg. thymine/ml. or 25 pg. histidinelml. was used. Agar medium was prepared by adding 20 g agar/l. liquid medium and increasing the concentration of glucose to 0.5% (w/v).
For phage experiments, nutrient medium consisting of 8 g./l. desiccated Difco nutrient broth+0-5% (w/v) NaCl was used (Adams, 1950) . For plating, this nutrient medium was solidified with 1.5% (w/v) agar.
U.v.-irradiation. U.v.-irradiations were performed with a 3-5 W. Westinghouse Sterilamp WL 793, emitting predominantly a t 2537 A. For the irradiation, one ml. of a stationary phase culture of Escherichia coli strain t-CS or h-CS was inoculated into 100 ml. defined medium, giving a suspension containing c. 5 x lo6 bacterialml.
After 4 to 5 hr. of aerated growth a t 37", when the bacteria were in the logarithmic phase of growth and a t a concentration of 4-8 x lo7 organisms/ml, 15 ml. samples were distributed into Petri dishes and exposed to various doses of U.V. radiation. After irradiation, duplicate 6 ml. samples were pipetted into 16 x 150 mm. test tubes and incubated at 37" until maximal clearing. The growth of the cultures was measured turbidometrically in a Klett-Summerson colorimeter fitted with a no. 59 filter. For unirradiated cultures there was a linear relationship between total number of bacteria/ml. and the colorimeter reading as found for this strain by Ryan & Schneider (1948) . After maximal clearing, 0.2 ml. chloroform was added to one of each pair of tubes which were then shaken vigorously for 15 sec. and centrifuged; the supernatant fluids were saved for subsequent testing of bactericidal activity. The growth in the second group of tubes was followed until the cultures reached a stationary phase due to the exhaustion of glucose. The supernatant fluids of these tubes were kept as before. All operations during and after irradiation were conducted under yellow light to prevent photoreversal of the U.V. effects (Jacob et al. 1952 ).
Demonstration of bactericidal activity. Approximately 5 x lo7 organisms (unirradiated strain t-CS or h-CS) were spread on the surface of defined medium agar plates which had been previously dried at 37" for 2 days. Measured samples, usually 0.05 ml. of the supernatant fluids obtained following U.V. induction, were placed on the seeded plates. The plates were kept a t room temperature until the drops had dried, and were then incubated at 37' for 16 hr. Antibacterial activity was manifested by the fact that, except for a few isolated colonies, no growth occurred in the area covered by the drops. Cell-free supernatant fluids from unirradiated cultures were used as controls. The small colonies within the clear areas consisted of bacteria which did not grow when transferred to nutrient agar slopes. When a twofold dilution was made of active lysates, the clarity of the spots faded markedly, and no unequivocal estimate of colicin titre could be made. Therefore, only undiluted supernatant fluids were used to test for antibacterial activity.
Isolation of phage-resistant mutants. Approximately lo9 organisms from a brothgrown culture of the phage-sensitive strains were spread on the surface of nutrient agar plates. Duplicate plates were spotted with 0.1 ml. of high titre stock suspension or the different phages, with no more than three spots to a plate. The drops were allowed to spread by tilting the plates, care being taken to prevent merging and mixing of the phages. After the drops had dried, the plates were incubated at 37' for 16-24 hr. before observation and isolation of colonies of presumably resistant bacteria. These colonies were stabbed with a sterile needle, inoculated into 2 ml. of nutrient medium, and incubated for 6-8 hr. until a majority of the tubes became turbid. Whenever possible, a t least five isolates were made for each viral strain. , 4 preliminary test of resistance was made a t this time by the cross-streaking method of Demerec & Fano (1945) . Suspensions of phage and bacteria were streaked at right angles on a nutrient agar plate. An isolate was classified as resistant to a phage when it showed no lysis at the intersection of the streaks. Such mutants were then purified by streaking on nutrient agar plates and making three successive isolations of single colonies. To make certain that mutants to be kept for further study had stemmed from independent mutations, only one isolate from a group was maintained unless some members of the group showed either a different crossresistance pattern, or a recognizable difference in colony morphology.
The notation of bacterial strains derived from phage-resistant colonies follows the system of Demerec & Fano (1945) . Thus, t-CR/5,1 indicates that the resistant strain was derived from t-CR after selecting with T 5, and found to be cross-resistant to T1.
RESULTS
Induction of colicin synthesis
An example of the behaviour of Escherichia coli strain t-CS cultures following exposure to various doses of u.v. radiation is shown in Fig. 1 . After an initial increase in optical density lasting about 90min., a decrease in turbidity occurred. The extent of the initial increase diminished as the dose increased. Subsequently, a second increase in optical density a t similar rates occurred and eventually reached a stable value. Bactericidal activity was present in the supernatant fluids of all of the irradiated cultures, taken either at the time of maximal clearing or after the stationary phase of growth was reached. Qualitatively, the activity was highest in the supernatant fluids of the cultures which showed maximal growth before lysis. No activity was found in the unirradiated controls. The initial increase in optical density was not the result of the division of those bacteria which survived the irradiation. This was determined by plating for surviving bacteria at intervals following induction (Table 1) . Since coli strain t-CS is sensitive to the colicin it produces, a colicin-resistant mutant derived from coli strain t-CS was used as a control. An inducing dose of U.V. radiation which gave a maximal post-irradiation rise in turbidity was used. Rather than an increase in colony formers associated with the increase in optical density, a gradual decrease was observed with both strains. Bactericidal activity was found in the supernatant fluids only after the cultures showed a decrease in turbidity.
Microscopic observation of the induced cultures revealed the following changes in morphology of the bacteria: during the initial period after irradiation, c. 90 yo of the organisms gradually elongated and became less motile. The elongation proceeded uniformly, and after c. 100 min. the bacteria were two to three times their original length. There was no apparent increase in the total number of bacteria. While actual lysis was not observed, there was a sudden decrease in the number of elongated bacteria concomitant with the decrease in optical density. The second rise in Klett readings was correlated with the increase of regular-sized rod-shaped bacteria which increased in number with time.
On the basis of these experiments, it is concluded that the residual growth without division of induced cultures represented a latent period during which colicin was being synthesized in those bacteria which elongated, and that the lysis of these bacteria released the colicin into the culture medium. Post-irradiation death of the sort described above was reported by Lieb (1951) . She suggested that two types of survivors of U.V. irradiation were present immediately after irradiation: (i) 'liquid resistants' which divided at normal rates in liquid medium; (ii) 'liquid sensitives' which died when placed in liquid medium, but which survived when plated immediately. I n the present experiments, i t is not known whether or not the bacteria which died when left in liquid medium were included among the bacteria which elongated and produced colicin.
Transitory and heritable resistance to colicin-15
Since bactericidal activity was found in the supernatant fluids of induced cultures which had reached a stationary value of optical density, it was presumed that the bacteria present were colicin-resistant. One possibility for the presence of such resistant organisms would be that the stock culture of coli strain t-CS was heterogeneous, containing some resistant and some sensitive bacteria. However, when 15 single-colony isolates were made from coli strain t-CS, each isolate showed the same behaviour as the parental culture, producing the same colicin in response to induction which was active against itself and the parent. Moreover, when induced cultures which had reached a stationary value were centrifuged and the organisms used as indicator bacteria, they proved to be equally sensitive to colicin-15 as were organisms of unirradiated cultures. The isolation and test of clones from 20 such organisms confirmed this result.
Further evidence for the transitory resistance indicated above was shown by another method of testing for colicin activity; this consisted of plating for viable F. H. MUKAI bacteria following exposure to colicin (Jacob et al. 1952) . Tenfold dilutions were made of a stationary phase culture of coli strain t-CS and 0.1 ml. samples of these dilutions were suspended in 0.9 ml. of an active sample of colicin-15. After standing at room temperature for 30 min., appropriate dilutions were plated for viable bacteria. Colonies were counted after incubation for 2 days at 37". The results of such platings are shown in Table 2 . Regardless of the initial number of bacteria, from 22 to 39 yo survived. When ten survivors from each dilution were isolated and tested for sensitivity, all forty isolates proved to be sensitive. The survival of organisms which grow after exposure to active lysates must be explained as a result of some sort of transitory resistance, the nature of which is unknown.
Nevertheless, two different mutants of coli strain 15 were secured which possessed a heritable resistance to colicin-15, one from coli strain t-CS and the other from cob strain h-CS, designated t-CR and h-CR, respectively. These mutants were found as viable colonies which grew within the clear areas during routine testing of colicin activity. Besides being heritably resistant to colicin-15, both mutants were sensitive to all seven T-phages. Both parental coli strains h-CS and t-CS, on the other hand, were sensitive only to phage T2; this sensitivity could be clearly shown by the cross-streak method only when tryptophan (2 mg./ml.) was present. On the contrary, the CR coli strains sensitive to all seven phages showed a clear reaction to phage T2 in the absence of tryptophan. A change in sensitivity to T-phages was first reported by Ryan (1953) in his study of orthoselection in the coli strain h-CS. The fitter-type mutant obtained was also found to be sensitive to the seven T-phages, and resistant to the colicin it produced. This curious change to phage sensitivity in three independent colicin-resistant mutants suggested the existence of a correlation between colicin sensitivity and phage resistance. It was of interest to determine whether changes of the phage-sensitive phenotype in colicin-resistant mutants would restore colicin sensitivity.
Relationship between colicin sensitivity and phage resistance When phage-resistant strains selected by each of the seven T-phages were checked for their cross-resistance pattern, a grouping similar to that obtained for Escherichia coli B (Demerec & Fano, 1945) was found; this is shown in Table 3 . None of these single-step mutants was sensitive to colicin-15. Thus, resistance to one or a few phages did not result in a loss of colicin resistance.
Since the colicin-sensitive parental coli strains were sensitive only to phage T2, it was felt that colicin sensitivity might be restored only in strain having the same phage-resistance pattern. Therefore new mutants were obtained by selecting for additional mutations in these one-step mutants. The pedigrees of multiply-resistant strains obtained are represented for coli strains t-CR and h-CR in Figs. 2 and 3 , respectively. Strains which became sensitive to colicin-15 were found only among those mutants that were resistant to at least phages T l , T3, T4, T 5 and T7. For example, coli strain t-CR/5, 1/3, 7 became sensitive to colicin only after it became resistant to phage T4. The presence or absence of phage T6 resistance did not affect colicin sensitivity. On the other hand, resistance to the five essential phages did not automatically confer sensitivity to colicin. Thus colicin-resistant mutants were found which, in their reaction to these phages, were phenotypically similar to colicin-sensitive mutants. Such strains must be assumed to be genotypically dissimilar. The fact Fig. 2 . The pedigree of phage-resistant strains derived from Escherichia coli, t-CR. For the sake of clarity, the notation for the parent strains has been omitted. Mutants sensitive to colicin-15 are underlined.
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that no colicin-sensitive mutants could be obtained from coli strain h-CR (Fig. 3) must similarly be attributed to genotypic differences, either between coli strains h-CR and t-CR, or between the particular phage-resistant mutants derived therefrom. Indeed, it has been found that coli strain h-CR consistently showed a higher efficiency of plating with respect to phage T2 than did coli strain t-CR.
After transfer of the fertility agent, F+, to auxotrophic mutants of Escherichia coli B De Haan (1954) obtained genetic data for this previously infertile strain. Similar attempts to infect coli strain 15 with F+ were unsuccessful. Since sexual recombination does not occur, the assumption of genotypic dissimilarity could not be experimentally ascertained. However, in bacterial strains where genetic analysis is possible, phenotypically similar phage-resistant mutants have been shown to be genotypically dissimilar (Lederberg, 1947; De Haan, 1954) . Also, resistance to a given colicin has been shown to be determined by more than one locus (Fredericq, 1958) . 
The nature of colicin-15
Before studies could be made on the properties of colicin-15, it was necessary to obtain a more sensitive indicator strain. Numerous strains of Escherichia coli other than strain 15, as well as Shigella sonnei, Bacillus megaterium, and Salmonella typhimurium were found to be resistant. The finding that colicin sensitivity in coli strain 15 was associated with resistance to phages T1, T3, T4, T5, and T7 suggested the necessity of securing another strain of E. coli with a similar phage-resistance phenotype. Strain B/l, 5/3, 4, 7 secured from E. coli B and strain K12/1, 5/3, 4, 7 secured from E. coli IC12 were both resistant to colicin-15. Fredericq (1957) demonstrated two different mechanisms of resistance to colicins : (i) resistance by loss of receptors; (ii) immunity by acquirement of ability to produce colicins. A strain possessing the receptor for colicin-E was made colicinogenic for colicin-E. The resulting strain became immune to this colicin while still keeping the corresponding receptor. Based on these findings, it was hoped that a non-colicinogenic mutant of coli strain 15 would retain its receptor for colicin-15. Attempts to secure such a mutant by U.V. irradiation (Ivanovics & Nagy, 1958) or with cobalt chloride and acriflavine (Hirota, 1956 (Hirota, , 1957 Furness & Rowley, 1957) were unsuccessful. Also bacteria which survived heat treatment (Zamenhof 8: Greer, 1958) or which had passed through the protoplast state did not lose the colicinogenic property.
The inability to find a good indicator strain precluded extensive investigations of the chemical, physical and biological properties of colicin-15. However, with coli strain 15, the following facts were observed. (1) Storage at 5" for at least 1 year, or exposure to 8700 ergs of U.V. radiation/mm.2 did not result in a loss of bactericidal activity. (2) Heating at 70" for 30 min., or treatment with commercial trypsin for 10 hr. destroyed activity. (8) Filtration through a Millipore filter resulted in an appreciable loss of activity. (4) High speed centrifugation (20,000 g ) for 30-60 min. did not seem to result in loss of activity, but after 120 min. there was no activity left in the supernatant fluid.
DISCUSSION
The induction of colicin-15 formation described here is analogous to the results of Jacob et al. (1952) for colicin ML and of Ivanovics & Alfodi (1955 for megacin. In all these cases, a bacteriocin is released into the culture medium after a latent period followed by mass lysis of the induced bacteria. However, some authors (Fredericq, 1954 (Fredericq, ,1955 Hamon & Lewe, 1955; Kellenberger & Kellenberger, 1956) have concluded that induction of bacteriocin formation does not result in lysis unless the induced strains are also lysogenic. For example, Escherichia coli ML was found to be lysogenic, and lysis in this case was attributed to the development of temperate phages. The U.V. irradiation of a colicinogenic but non-lysogenic strain resulted in a residual growth of the bacteria, followed by a stationary phase without apparent lysis during which time the production of colicin occurred. On the other hand, megacin formation was shown to be invariably associated with the lysis of the induced bacteria. Fifty-two non-megacinogenic mutants derived from megacinogenic parents could not be made to lyse by exposure to U.V. irradiation (Ivanovics & Nagy, 1958) . Electron microscope studies of active lysates failed to demonstrate the presence of any phage particles, and it was concluded that the bacteriocinogenic character of Bacillus megaterium was not associated in the slightest degree with phage production (Ivanovics, Alfodi & Lovas, 1957) .
We have been unable to detect the presence of any virus in active lysates of colicin-15, although numerous phage-sensitive strains were used as indicators. However, such a finding still does not rule out the possibility that coli strain 15 is lysogenic. Arber & Kellenberger (1958) made electron microscope examination of the lysates of seven defective-lysogenic strains derived from Escherichia coli K 12 (A). Although the lysates revealed no morphologically complete phages, each revealed the presence of phage-related structures : four of the strains produced empty heads and tails, while three produced heads only. All seven strains synthesized serum-blocking material (De Mars, 1955) . Until similar studies are made, the possibility that our strains contain a defective prophage, the induction of which results in the synthesis of colicin-15, is not excluded.
Susceptibility to colicins has been shown to be controlled by a number of receptors, each specific for the colicin to which a strain is sensitive (Fredericq, 1946b) . The existence of genetic factors controlling the presence or absence of the receptors was
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shown by recombination studies (Fredericq & Betz-Bareau, 1952) . Usually, a mutation affecting the receptor for one colicin does not affect the receptors for other colicins nor the receptors for bacteriophages. However, in the case of colicin-K and phage T6, a specific cross-resistance was observed (Fredericq & Gratia, 1950) . Since all resistant mutants selected by either colicin-K or phage T6 were resistant to both agents simultaneously, it was concluded that a single receptor was shared by the two agents. A similar relationship was found for colicin-E and phage BF23 (Fredericq, 1949) .
The specificity of colicin-15 indicates that its activity also requires the presence of a specific receptor. In contrast to the reciprocal cross-resistance mentioned above, colicin-15 sensitivity shows an inverse relationship with phage-resistance. A formal scheme to explain this relationship is presented in Fig. 4 . The diagram is a modification of the generalized scheme formulated by Anderson (1944) , explaining interrelationships between phage-resistance and metabolic changes leading to increased growth requirements. The receptor site for colicin-15 is depicted as being composed of the receptor sites for phages T(1, 5), T3, T4 and T7. Since no mutants were found which were resistant to phage T 1 or phage T5, alone, the receptor sites for these phages have been combined. Pathways I and I1 lead to the formation of elements which must be present to enable the bacteria to react with phages T(1,5) and T3, T4 or T7, respectively. Mutational changes a t a or b, would result in different alterations in R(l, 5), while changes at c, d, e, f, g, or h would result in different alterations in the respective receptor sites concerned. All of the phageresistant phenotypes observed (Figs. 3, 4) can be accounted for by this scheme. Since some mutants with the correct phage-resistant phenotype remained colicinresistant, it is necessary to require that a combination of precise mutant receptor sites is needed for colicin sensitivity. The possible role of the sequence in which the mutations occurred could not be elucidated.
In order to explain the observation that a single change from colicin sensitivity to resistance (coli strain t-CS to strain t-CR and coli strain h-CS to strain h-CR) resulted in susceptibility to all phages, it is necessary to place pathways I and I1 under unit control. This can be done by a common factor 'X' formed by pathway 111. The factor 'X' might represent an element common to all phage receptor sites. If this were so, the parental CS coli strains would be geno-typically resistant to all T-phages except T2, and the mutation (i or j ) to strain CR would result in the observed sensitivity to the phages. In this case, it should have been possible to obtain a one-step mutant which became simultaneously phage-resistant and colicinsensitive. Such a strain was not found. On the other hand, 'X' might be an element which exerted an epistatic effect on the phage receptor sites. In this event, the parental strains would be phenotypically phage-resistant but genotypically sensitive. The mutation to CR would result in the removal of ' X ', allowing the expression of the phage-sensitive phenotype. Since reversal to colicin sensitivity required stepwise mutations to multiple phage-resistance, evidence exists for the second role of factor 'X'. However, in the absence of recombination data, we cannot conclusively distinguish between the two alternatives.
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